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cardiac systolic function; stroke volume A PRONOUNCED INCREASE IN INTERNAL body, or core, temperature imposes a significant stress to the human cardiovascular system (28) . To optimize heat dissipation, there is a profound increase in cutaneous blood flow that has been estimated to reach values as high as 7,500 ml/min compared with ϳ300 ml/min during normothermia (27, 28) . Maintenance of arterial blood pressure during heat stress conditions, in the face of profound increases in cutaneous vascular conductance, requires an increase in cardiac output along with reductions in vascular conductance from noncutaneous beds (26, 27, 29) . During pronounced heat stress, cardiac output can more than double, approaching values as high as 13 l/min, with 50% or more of that value being directed toward skin (27, 28) . Interestingly, this large increase in cardiac output is predominately mediated through heat stress-induced increases in heart rate (HR), since stroke volume is typically unchanged or only slightly elevated (11, 20, 28, 36) . Furthermore, passive heat stress in humans reduces central blood volume, which is accompanied by a 3-to 5-mmHg reduction in central venous pressure and pulmonary capillary wedge pressure (6, 7, 20, 28, 36) . Reduced central blood volume and ventricular filling pressures, accompanied with preserved or slightly elevated stroke volumes, have led to the suggestion that heat stress increases the inotropic state of the heart (17, 27) . Consistent with this hypothesis, heat stress increases sympathetic activity to noncardiac regions such as the skeletal muscle (5, 9) , splanchnic, and renal vascular beds (27, 29) and increases an index of cardiac sympathetic activity (8) .
Heat stress increased cardiac index, stroke index, and ejection fraction in a group of chronic heart failure patients (33) . Additionally, Frey and Kenney (13) reported a decrease in various "indirect" indexes of cardiac systolic function, including left ventricular ejection time and preejection period (both are indicative of increased cardiac systolic function) following an increase in oral temperature of 0.8°C in healthy individuals. More recently, work from our laboratory has shown that whole body heat stress increases ejection fraction, further suggestive of improved cardiac systolic function (7) . Although the findings of the aforementioned investigations suggest that heat stress improves cardiac systolic function, they must be interpreted cautiously because of a combination of the indirect nature of measurements (13) and the load dependency of ejection fraction (7), resulting in an imprecise measure of systolic function, particularly given changes in ventricular loading status during a heat stress.
In addition to systolic function, the effectiveness of cardiac diastolic function to provide adequate ventricular filling contributes to the overall stroke volume. Although the effects of heat stress on diastolic function in healthy individuals are unknown, Kisanuki et al. (18) found that heat stress, induced by sauna therapy, improved diastolic function in patients with congestive heart failure. Taken together, heightened cardiac systolic and diastolic function would contribute to the maintenance of stroke volume during heat stress despite reduced left ventricular filling pressures.
Although findings in healthy individuals suggest that heat stress increases cardiac systolic function (7, 13) , whether this occurs remains speculative. Furthermore, while the reports of improved cardiac diastolic function in patients with congestive heart failure are compelling, the effects of heat stress on this parameter in a healthy population are unknown. Therefore, the aim of this study was to test the hypothesis that heat stress improves cardiac systolic and diastolic function in a healthy population assessed using echocardiographic techniques.
METHODS
Nine healthy normotensive male subjects participated in this study. Average subject characteristics were (mean Ϯ SD): age, 38 Ϯ 10 yr; height, 182 Ϯ 9 cm; and weight, 86 Ϯ 12 kg. Subjects were not taking medications and were free of any known cardiovascular, metabolic, or neurological diseases. Subjects were informed of the purpose and risks of the study before providing their informed written consent. The study protocol and consent were approved by the University of Texas Southwestern Medical Center and Presbyterian Hospital of Dallas. Subjects refrained from alcohol, caffeine, and exercise for 24 h before the study. The protocol was performed in accordance with the Declaration of Helsinki.
Instrumentation and Measurements
Following arrival to the laboratory, each subject swallowed a telemetry pill for the measurement of intestinal temperature (HQ, Palmetto, FL). Mean skin temperature was measured from the weighted average of six thermocouples attached to the skin (32) . Each subject was fitted with a water-perfused tube-lined suit (Med-Eng, Ottawa, Canada) that covered the entire body except for the head, face, hands, one forearm, and feet. This suit permitted the control of skin and internal temperatures by adjusting the temperature of the water perfusing the suit. Heart rate was continuously obtained from an electrocardiogram (HP Patient Monitor; Agilent, Santa Clara, CA) interfaced with a cardiotachometer (CWE, Ardmore, PA). Intermittent blood pressure measurements were obtained by auscultation of the brachial artery via electrosphygmomanometry (SunTech, Raleigh, NC). Skin blood flow was measured at the exposed forearm via laser-Doppler flowmetry using an integrating flow probe (MoorLab Laser Doppler Perfusion Monitor; Moor Instruments, Wilmington, DE). Cutaneous vascular conductance was calculated from the ratio of laser Doppler flux to mean arterial pressure.
Echocardiography
Echocardiographic images were obtained using commercially available ultrasound equipment (iE33, Philips Ultrasound, Bothell, WA). All examinations were performed during supine resting conditions with the subject in the left lateral decubitus position, and measurements were obtained during quiet guided expiration. All images were obtained by an experienced sonographer and stored on the iE33 hard drive and were later exported for blinded offline analysis by an experienced sonographer using commercially available software (Xcelera; Philips Ultrasound).
Tissue Doppler Imaging
Measurements of septal and lateral mitral annular early diastolic (EЈ), late diastolic (AЈ), and systolic velocities were obtained to provide indexes of left ventricular diastolic function (24) , left atrial systolic function (21, 22) , and left ventricular systolic function (14, 30) , respectively, via standard tissue Doppler imaging techniques, as previously described (24) . Additionally, isovolumic acceleration, which is an another index of left ventricular systolic function (10) , was determined as the slope of the presystolic velocity curve at the septal and lateral mitral annulus (10) . Tissue Doppler measurements were obtained from the apical four-chamber view with a 4.0-mm sample volume positioned at the junction of the septal mitral annulus and the left ventricular wall, as well as the junction of the lateral mitral annulus and the left ventricular wall (24) .
Mitral Inflow Velocities
Mitral inflow velocities were assessed from the apical four-chamber view using pulsed wave Doppler with a sample volume of 2.0 mm positioned over the mitral valve leaflet tips. From these data measurements were obtained of the peak inflow velocity during the early phase of left ventricular relaxation (E), which provides an index of left ventricular diastolic function (4, 15, 19) , and during left atrial contraction (A), which provides an index of left atrial systolic function (4) . These values were subsequently used to further assess diastolic function via the E/A ratio (15, 19, 24) as well as left atrial systolic function via the relative contribution of A to left ventricular filling during diastole using the following formula: [A/(E ϩ A)] ϫ 100.
Isovolumetric Relaxation Time
Isovolumetric relaxation time (IVRT) represents the time interval between aortic outflow during systole and the opening of the mitral valve during diastole and thus is commonly used as an index of left ventricular relaxation (24) . IVRT was determined using a five-chamber apical view with the sample volume set at 4.0 mm. Because of complications obtaining IVRT in one subject, the data illustrated for this variable are representative of eight subjects.
Experimental Protocol
Following instrumentation, subjects rested quietly in the supine position for ϳ30 min while normothermic water (34°C) circulated through the suit. After this 30-min period, 6 min of baseline thermal and hemodynamic data were collected, during spontaneous respiration, which was followed by echocardiographic assessment of the aforementioned variables. Subjects were then exposed to a whole body heat stress by perfusing 49°C water through the suit until core temperature was elevated by ϳ1°C. Once this target core temperature was achieved, the temperature of the water circulating through the suit was lowered to ϳ47°C to limit further increases in core temperature. Next, the aforementioned 6 min of baseline data collection were obtained followed by the indicated echocardiographic assessments.
Data Analysis
Thermal and hemodynamic data were sampled at 50 Hz via a data-acquisition system (Biopac System, Santa Barbara, CA). Data from the last 60 s of the 6-min baseline period were averaged and compared between thermal conditions. Echocardiographic analyses were performed using commercially available software (Xcelera; Philips Ultrasound). The average of four measurements obtained from four consecutive cardiac cycles of each echocardiographic parameter was compared between thermal conditions. All statistical comparisons were performed via paired t-tests between thermal conditions using a commercially available statistical software package (SigmaStat 3.11, Chicago, IL). All values are reported as means Ϯ SD. P values Ͻ0.05 were considered statistically significant. 
RESULTS

Thermal and Hemodynamic Data
Thermal and hemodynamic responses to the whole body heat stress are shown in Table 1 . As expected, heat stress significantly elevated core temperature, mean skin temperature, heart rate, and forearm cutaneous vascular conductance relative to normothermia (P Յ 0.001 for all variables), whereas systolic (P ϭ 0.63) and mean (P ϭ 0.55) arterial pressures were unchanged.
Echocardiographic Parameters
Mitral annular early and late diastolic velocities. The early (EЈ) and late (AЈ) diastolic velocities of the septal and lateral mitral annulus during both thermal conditions are shown in and group averaged (right) echocardiographic measurements of mitral inflow velocity during early diastolic filling (E wave; A), mitral inflow velocity during atrial contraction (A wave; B), the ratio of E/A (C), and the contribution of atrial contraction to diastolic filling (D) during NT and WBH conditions. Heat stress increased A velocity but not E velocity, which resulted in an increased relative contribution of atrial filling during diastole and a decrease in the E/A ratio. The significant increase in A velocity suggests that heat stress augments atrial systolic function. Moreover, heat stress increases the dependence on atrial booster to maintain left ventricular filling in the face of reduced ventricular filling pressures. Group data are means Ϯ SD. Fig. 1 . Early and late diastolic septal and lateral mitral annular velocities. Individual (left) and group averaged (right) echocardiographic measurements of early diastolic septal mitral annular velocity (A), early diastolic lateral mitral annular velocity (B), late diastolic septal mitral annular velocity (C), and late diastolic lateral mitral annular velocity (D) during normothermic (NT) and whole body heat stress (WBH) conditions. Early diastolic septal annular and lateral annular velocities were unchanged, whereas late diastolic septal annular and lateral annular velocities were increased during heat stress relative to normothermia. The significant increase in late diastolic tissue velocities is indicative of increased left atrial systolic function. Group data are means Ϯ SD. 1B) mitral annular early diastolic velocities were unchanged during heat stress relative to normothermia. Both the septal (P ϭ 0.03; Fig. 1C ) and the lateral (P ϭ 0.01; Fig. 1D ) mitral annular late diastolic velocities were increased during heat stress relative to normothermia.
Mitral inflow velocities. The effect of heat stress on mitral inflow blood velocities during different stages of left ventricular diastolic filling are shown in Fig. 2 . Heat stress had no effect on mitral inflow blood velocity during early diastolic filling (P ϭ 0.27; Fig. 2A ), whereas inflow blood velocity during atrial contraction (Fig. 2B ) was elevated significantly relative to normothermia (P Ͻ 0.001). As a result, heat stress decreased the E/A ratio (P Ͻ 0.001; Fig. 2C ), which was manifested by an increase in the relative contribution of atrial contraction to left ventricular diastolic filling during heat stress (P ϭ 0.01; Fig. 2D) .
Relationship between early diastolic inflow velocity and early diastolic tissue velocity (E/EЈ).
Whole body heat stress had no effect on the E/EЈ ratio at either the septal wall (P ϭ 0.69; Fig. 3A) or the lateral wall (P ϭ 0.20; Fig. 3B) .
IVRT. Figure 4 shows the IVRT during both thermal conditions. IVRT during normothermia was unaffected by whole body heating (P ϭ 0.11).
Mitral annular systolic velocities. The peak septal and lateral mitral annular tissue systolic velocities during both thermal conditions are shown in Fig. 5 . Both the septal (P ϭ 0.001; Fig. 5A ) and the lateral (P ϭ 0.01; Fig. 5B ) mitral annular systolic velocities were elevated during the heat stress relative to normothermia.
Isovolumic acceleration. Isovolumic acceleration was increased following whole body heat stress at both the septal mitral annulus (P ϭ 0.03; Fig. 6A ) and at the lateral mitral annulus (P Ͻ 0.001; Fig. 6B) .
DISCUSSION
There are a number of primary findings resulting from this study. 1) Heat stress has no effect on indexes of diastolic function as indicated by an unchanged velocity of blood during the early phase of left ventricular filling, early diastolic mitral annular velocity, and the ratio of blood velocity/mitral annular velocity during the early phase of diastole. However, the preservation of these indexes of diastolic function, despite heat stressed-induced decreases in ventricular filling pressures (6, 20, 28, 36) and central blood volume, leaves room for speculation that diastolic function is perhaps improved during heat stress. 2) Heat stress significantly increases left ventricular systolic function as evidenced by an increase in peak septal and lateral mitral annular systolic velocities and isovolumic acceleration. 3) Heat stress significantly increases left atrial systolic function as evidenced by an increased velocity of blood during the atrial contraction phase of left ventricular diastolic filling and an increased velocity of the septal and lateral mitral annulus during the late phase of diastolic relaxation relative to normothermia.
It is well established that stroke volume is maintained or slightly elevated during passive whole body heating (11, 20, 28, 36) , despite reductions in central blood volume (7) and cardiac filling pressures (6, 20, 28, 36) . These findings suggest that cardiac systolic function is augmented during heat stress conditions. Recently, using the technique of multiple-gated acquisition, Crandall et al. (7) reported that ejection fraction was increased by ϳ13% following an increase in internal temperature of ϳ1.3°C, which is consistent with the current findings, while left ventricular end diastolic volume was unchanged. Furthermore, this increase in ejection fraction and maintenance of left ventricular end diastolic volume occurred in spite of significant reductions in central venous pressure and central blood volume (7) . These observations further suggest that cardiac systolic function is augmented while diastolic function is maintained during whole body heating. However, there are a number of limitations to relying solely on those indexes of cardiac systolic and diastolic function.
Diastolic Function
Doppler echocardiographic evaluation of mitral inflow velocities was used in the assessment of left ventricular diastolic Fig. 4 . Isovolumetric relaxation time. Individual (left) and group averaged (right) isovolumetric relaxation times during NT and WBH conditions. The isovolumetric relaxation time was unchanged during heat stress relative to normothermia. Group data are means Ϯ SD. Fig. 3 . Relationship between early diastolic inflow velocity and early diastolic tissue velocity (E/EЈ) at the septal and lateral wall. Individual (left) and group averaged (right) calculations of the E/EЈ ratio at the septal (A) and the lateral (B) wall during NT and WBH conditions. The E/EЈ ratio at both the septal and lateral walls were unchanged during heat stress relative to normothermia.
function (4, 15, 19) . The velocity of the blood flowing from the left atrium in the left ventricle during the early phase of diastolic filling (E) is primarily dependent on the magnitude of the suction created by left ventricular relaxation, whereas the velocity of blood flow during the late phase of diastolic filling (A) is dependent on left atrial contraction and left ventricular compliance (4) . In healthy individuals, the E/A ratio is Ͼ1.0 (4, 15, 19) . However, various cardiovascular disease states as well as normal healthy aging are associated with a reduction in the E/A ratio to values Ͻ1.0, which is manifested by impaired ventricular relaxation (i.e., reduced E), thus increasing the reliance on the atrial systolic contribution to ventricular filling (i.e., increased A) (15, 19, 24) . Ultimately, the increase in atrial systolic function is not able to offset the detrimental effect of reduced ventricular relaxation, which contributes in part to the decrease in cardiac output that is common in the aforementioned conditions. In the present study, we observed an ϳ50% reduction in the E/A ratio (normothermia: 2.1 Ϯ 0.6; hyperthermia: 1.1 Ϯ 0.1, P Ͻ 0.001) during heat stress relative to normothermia. However, unlike what occurs in cardiovascular disease states and the normal aging process, the observed reduction in the E/A ratio during heating was solely due to an approximate doubling of the velocity of blood during A, since E was unchanged (Fig. 2, A and B) . A decrease in the E/A ratio associated with a preserved E velocity indicates that left ventricular relaxation is unaffected by heat stress.
Other parameters of left ventricular relaxation, including mitral annular tissue velocity during early diastole (EЈ; Fig. 1,  A and B) , the ratio between E/EЈ (Fig. 3, A and B) , and IVRT (Fig. 4) , were unaffected by heat stress, providing additional support that left ventricular relaxation was unchanged and that these indexes were unaffected by the observed increases in HR. However, echocardiographic measures of diastolic function are dependent on a variety of factors, including volume status and left atrial pressure. Recently, in healthy normothermic subjects, Prasad et al. (24) reported that reductions in pulmonary capillary wedge pressure and central blood volume induced by lower body negative pressure impaired ventricular relaxation. Additionally, the early (E) mitral inflow velocity has been shown to be highly preload dependent, with significant reductions in E accompanying reductions in preload in human (22, 25) and animal (16, 21) models. In the present study, there was no difference in any of the indexes of left ventricular diastolic function between normothermia and heat stress conditions, despite heat stress reducing central blood volume and ventricular filling pressures (6, 7, 20, 29, 36) . Therefore, unchanged indexes of diastolic function despite reduced ventricular filling pressures and central blood volume raise the speculation that perhaps diastolic function (i.e., left ventricular relaxation and/or suction) is improved with heat stress. This hypothesis is in agreement with a recent finding of increased untwisting rate, i.e., increased suction, of the left ventricle during diastole in heat stress conditions (31) ; findings of little to no reduction in left ventricular end diastolic volume during heat stress conditions (7) despite pronounced reductions in left ventricular filling pressures (6, 20, 29, 36) ; as well as findings of improved diastolic function in congestive heart failure patients with elevated internal temperatures (18) .
Systolic Function
The other interesting aspect of the pattern of the reduction in the E/A ratio is the approximate doubling of blood velocity during A (Fig. 2B) , which indicates that left atrial systolic function is augmented by heat stress. Additionally the rate of relaxation of the septal and lateral mitral annulus during the late phase of diastolic relaxation (AЈ), which is the result of passive ventricular distension primarily mediated by ventricu- Fig. 5 . Peak septal and lateral mitral annular systolic velocities (SЈ). Individual (left) and group averaged (right) echocardiographic measurements of peak septal mitral annular systolic velocity (A) and peak lateral mitral annular systolic velocity (B) during NT and WBH conditions. Septal annular and lateral annular systolic velocities were increased during heat stress relative to normothermia, thereby indicating an increase in cardiac systolic function. Group data are means Ϯ SD. Fig. 6 . Isovolumic acceleration of the septal and lateral mitral annulus. Individual (left) and group averaged (right) calculations of isovolumic acceleration at the septal mitral annulus (A) and the lateral mitral annulus (B) during NT and WBH conditions. Isovolumic acceleration was significantly increased at both locations during heat stress relative to normothermia, which is indicative of increased cardiac systolic function. Group data are means Ϯ SD. lar filling during atrial contraction (21, 22) , was also increased, thus providing additional evidence of a heat stress-induced increase in atrial systolic function and/or left ventricular compliance. This is contrary to the findings of no effect of sauna heating on A velocity in patients with congestive heart failure (18) . It is most likely that this discrepancy is related to the use of healthy subjects in the present study relative to congestive heart failure patients in the study by Kisanuki et al. (18) . Ultimately, the maintenance of early diastolic filling and significantly increased blood velocity during atrial contraction is likely important in ensuring the left ventricle receives an adequate blood supply to maintain stroke volume despite reduced filling pressures in heat stress conditions.
Tissue Doppler evaluation of the mitral annulus provides information regarding movement of the myocardial wall in the longitudinal axis, i.e., shortening of the myocardial fibers during ventricular systole (21) , and is an acceptable measurement of cardiac systolic function (14, 30) . For example, mitral annular systolic velocity increases during inotropic stimulation (14, 30) . Previously, we reported that heat stress increases ejection fraction, suggestive of improved cardiac contractile function (7). However, ejection fraction is an imprecise measure of cardiac contractility, and in the aforementioned study (30) a significant increase in ejection fraction was not observed until a higher dose of dobutamine (3 mg⅐kg Ϫ1 ⅐min Ϫ1 ) was administered, relative to the dose required to change mitral annular velocities (1 mg⅐kg Ϫ1 ⅐min
Ϫ1
). These observations, and others, suggest that tissue Doppler assessment of mitral annular velocities is a reliable and sensitive indicator of left ventricular systolic function (1, 2, 35) . In the present study, the peak septal and lateral mitral annular systolic velocities were both significantly augmented during heat stress relative to normothermia (Fig. 5, A and B) , thus providing further support of a heat stress-induced increase in cardiac systolic function.
In normothermic subjects, systolic mitral annular tissue velocity is reduced following reductions in preload induced by a variety of maneuvers, including lower body negative pressure (22) , parabolic flight at 1.8 gravitational acceleration (3), and hemodialysis (12) . Like the aforementioned conditions, heat stress also reduces central blood volume and ventricular filling pressures (6, 7, 20, 23, 28, 36) . Despite reductions in indexes of preload during heat stress, we observed increases in late mitral inflow blood velocity (Fig. 2B) as well as peak systolic septal and lateral mitral annular velocities (Fig. 5, A and B) , indicating a significant increase in both left atrial and left ventricular systolic function during heat stress. Furthermore, isovolumic acceleration has recently been demonstrated to be a preload-independent index of cardiac systolic function in normal healthy individuals (10) . In the present study, isovolumic acceleration increased during heat stress relative to normothermia (Fig. 6, A and B) , thereby providing further support that heat stress increases cardiac systolic function and contractility.
Study Limitations
In the present study, systolic and mean arterial blood pressures were not affected by heat stress (Table 1) . However, heat stress does result in reduced total peripheral resistance (20) ; thus, the possibility that the observed increases in indexes of systolic function were because of reductions in systemic afterload cannot be ruled out. On the contrary, several investigations have demonstrated that various indexes of systolic function, including systolic mitral annular velocity (1) and isovolumic acceleration (34) , are afterload independent. Therefore, it is unlikely than the observed increases in left ventricular systolic/contractile function in the present study are solely due to decreases in systemic afterload.
In conclusion, the present data demonstrate that whole body heating increases left ventricular and left atrial systolic function, whereas indexes of left ventricular diastolic function are preserved with heat stress, despite decreases in central blood volume and cardiac filling pressures. These findings provide possible mechanisms of preserved, and in some cases elevated, stroke volume in healthy individuals exposed to elevated internal temperatures.
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